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The simulation of X-ray emission spectra of transition metal complexes with timedependent density functional theory (TDDFT) is investigated. X-ray emission spectra can be computed within TDDFT in conjunction with the Tamm-Dancoff approximation by using a reference determinant with a vacancy in the relevant core orbital, and these calculations can be performed using the frozen orbital approximation or with the relaxation of the orbitals of the intermediate core-ionised state included. Both standard exchange-correlation functionals and functionals specifically designed for X-ray emission spectroscopy are studied, and it is shown that the computed spectral band profiles are sensitive to the exchange-correlation functional used. The computed intensities of the spectral bands can be rationalised by considering the metal p orbital character of the valence molecular orbitals. To compute X-ray emission spectra with the correct energy scale allowing a direct comparison with experiment requires the relaxation of the core-ionised state to be included and the use of specifically designed functionals with increased amounts of Hartree-Fock exchange in conjunction with high quality basis sets. A range-corrected functional with increased Hartree-Fock exchange in the short range provides transition energies close to experiment and spectral band profiles that have a similar accuracy to those from standard functionals. a) nick.besley@nottingham.ac.uk
I. INTRODUCTION
X-ray emission spectroscopy (XES) arises from the decay of valence electrons to fill vacant core orbitals following ionisation of core electrons. XES probes the occupied molecular orbitals and is complementary to X-ray absorption spectroscopy (XAS) which is sensitive to the unoccupied orbitals. Owing to the nature of core orbitals, these techniques provide an element specific, local probe of geometric and electronic structure. XES is becoming an increasingly important technique due to improved X-ray sources and the development of X-ray free-electron lasers that can deliver short femtosecond pulses of hard X-rays which hold the promise of resolving ultrafast chemical processes at an atomic level. 1, 2 Recent work has demonstrated the value of XES for the study of transition metal complexes, and experimental spectra for Fe, Cr, Ti and Mn based complexes have been reported. [3] [4] [5] [6] [7] [8] [9] [10] [11] XES is sensitive to the nature of the bonding in transition metal complexes, giving information on the coordination environment and the potential to identify coordinated ligands. For example, XES measurements showed there to be a central carbon in the nitrogenase iron-molybdenum cofactor. 12 For transition metal complexes, XES is usually studied following the ionisation of a metal 1s electron. The most prominent features in the corresponding spectra are the Kβ 1,3 emission lines which are associated with electric dipole allowed metal 3p→1s transitions. Much of the experimental work has focused on higher energy transitions that have significantly lower intensity. This region is referred to as the valence to core region and comprises transitions from orbitals associated with the ligands.
There are two groups of features in this region, the Kβ ′′ lines that arise from ligand-valence s→metal 1s transitions and the Kβ 2,5 lines corresponding to ligand-valence p→metal 1s transitions. 4 Calculations of XES have an important role in interpreting experimental spectra and assigning the observed bands. Several approaches to computing XES have been adopted, in ligand field multiplet theory a single ion is considered and the chemical environment is then incorporated empirically by introducing the crystal field splittings and the orbital mixing. 13 The energy and matrix elements of the electric dipole moment operator for the various valence to core transitions required to simulate an X-ray emission spectrum can be evaluated using a variety of methods including semi-empirical, Hartree-Fock (HF), 14 configuration interaction (CI), 15 multi-configurational self-consistent field (MCSCF) wave functions, 16, 17 Monte Carlo configuration interaction, 18 as well as Kohn-Sham density functional theory (DFT). 4 Following ionisation of a core electron there is some relaxation of the electronic structure, and various approaches to describing the orbitals of the core-excited state have been adopted. These range from a frozen orbital (FO) approximation where the ground state orbitals are used, 4,19-21 Z+1 approximation where an increased nuclear charge is used for the absorbing atom, 3 the transition potential approach where a half filled core orbital is used providing a balance between final and initial states 19, 22, 23 and a fully relaxed approach where the orbitals of the core-hole state are optimised in separate self-consistent field (SCF) calculations. 24, 25 This latter approach has the limitations that individual SCF calculations are necessary for all of the relevant states and the resulting wave functions are not orthogonal. X-ray emission spectroscopy has been computed using a real-space-grid projector augmented wave framework which can be used to study large systems 26 and recent work has shown how to include vibrational interference effects in the simulation of the spectra. 27 Within the context of transition metal complexes, the simulation of spectra has been predominantly based upon DFT calculations. Smolentsev et al. 3 computed X-ray emission spectra of Mn complexes with DFT and the core-hole described using the Z+1 approximation. The generalised gradient approximation Perdew-Wang exchange-correlation functional was used and the predicted spectra was shifted to align with experiment. The calculations allowed features in the valence to core region could be assigned to orbitals mainly localised on the ligands. More recent DFT calculations on Fe complexes used the FO approximation with the transition energies given by the difference in the corresponding orbital energies and the intensities evaluated from the matrix elements of the electric dipole, electric quadrupole and magnetic dipole operators. 4 These calculations demonstrated good agreement with the experimental data, reproducing the shape of the spectral bands in the valence to core region. Similar protocols have been applied to study manganese complexes, 6,10 chromium complexes 11 and substituted ferrocenes. 8 Recently it was shown that X-ray emission spectra can be computed with equation of motion coupled cluster with single and double excitations (EOM-CCSD) and time-dependent density functional theory (TDDFT) methods by using a reference determinant for the ionised state that has a core-hole. [28] [29] [30] With this reference determinant the transitions to the vacant core orbital appear as negative eigenvalues. EOM-CCSD provides accurate transition energies (within about 0.5 eV) for transitions at the K-edge of first and second row elements.
However, converging the CCSD equations with a core-hole reference wave function can be problematic and the computational cost of this method makes it unsuitable for application to transition metal complexes. 30, 31 Provided that the Tamm-Dancoff approximation (TDA) is imposed, 32 TDDFT can be applied to a reference determinant with a core-hole. TDDFT has the advantage that all of the necessary states are computed in the same calculation making it easy to use and also avoiding issues with the non-orthogonalilty of the states, and TDDFT calculations of XES can be performed within the FO or Z+1 approximations.
TDDFT has a significantly lower computational cost and can be readily applied to study the XES of large transition metal complexes. Recently Zhang et al. extended TDDFT calculations of XES to consider transition metal complexes. 33 These calculations studied a range of chromium, manganese and iron based complexes with the B3LYP exchange-correlation functional in conjunction with the Sapporo-TZP-2012 34 basis set for the metal and 6-311G** basis set for the ligands with the spectral bands shifted to align with experiment. Overall, the computed spectral profiles provided a reliable description of the experimental data.
In this paper we explore the application of TDDFT/TDA to compute X-ray emission spectra of transition metal complexes, focusing on the dependence of the computed spectra to the frozen orbital approximation, choice of exchange-correlation functional and basis set in an effort to compute spectra with the correct energy scale. This can provide greater confidence in the assignment of bands in complex spectra and also be important when comparing small shifts in peak positions between different systems where the magnitude of the shift can be of the order of the error in the constant shift applied. To achieve this requires the relaxation of the molecular orbitals in the presence of the core-hole to be included, high quality basis sets, relativistic effects and also specifically designed exchange-correlation functionals to be considered. Standard exchange-correlation functionals give excitation energies that are significantly too large compared with experimental data. 28, 30 This is complementary to TDDFT calculations of XAS, where the predicted excitations energies are too low. 35, 36 There has been significant progress in the design of exchange-correlation functionals for the calculations of XAS based upon tailoring the fraction of exact Hartree-Fock (HF) exchange in the functional. [35] [36] [37] [38] In particular, the introduction of HF exchange in the short range is important. 38 We also develop a quantitative relationship between the nature of the occupied orbitals and the intensity of the spectral bands.
II. COMPUTATIONAL METHODS
Within TDDFT X-ray emission transitions energies and oscillator strengths can be computed with the following process: 30 1. Perform an unrestricted Kohn-Sham DFT calculation for the ground state of the system (with appropriate charge and spin state).
Use the resulting molecular orbitals as the starting point for a further Kohn-Sham
DFT calculation with a core hole in the relevant orbital, using an overlap criterion 39, 40 to prevent the collapse of the core hole during the SCF process. The FO approximation can be invoked by by-passing this second SCF calculation.
3. Perform a standard TDDFT/TDA calculation and the X-ray emission transitions appear as negative eigenvalues with the associated oscillator strengths.
In TDDFT with the TDA 32 the transition energies correspond to solutions of the following eigenvalue equation
The matrix A is given by
where
and ǫ i are the orbital energies and E XC is the exchange correlation functional. We note that use of the TDA is necessary for these calculations since full TDDFT calculations are not possible for the reference determinant with a core-hole and all of the TDDFT calculations presented have used the TDA. The TDA approximation only has a small effect on the computed transition energies but can have a more significant effect on the computed intensities.
As the nuclear charge of the absorbing atom increases, scalar relativistic effects become increasingly important in calculations of X-ray spectroscopies at the K-edge. Relativistic effects result in a lowering of the energy of the 1s core orbital, and for transition metals this effect cannot be neglected. These effects are incorporated into the calculations by modifying the diagonal elements of A as follows
where ∆ R is the magnitude of the energy change in the core orbital energy due to relativistic effects. This has been computed as the difference in the 1s orbital energy between relativistic and non-relativistic HF/cc-pCVTZ for the relevant atom with the relativistic effects modelled using the Douglas-Kroll-Hess Hamiltonian, and a similar approach has been used to correct X-ray absorption transition energies. 41 The values of ∆ R show an increase with increasing nuclear charge with values of 38.41 and 44.68 eV for chromium and manganese, respectively. In this approach the lowering in energy owing to relativistic effects for the valence orbitals is neglected. These effects are much smaller than for the core orbitals and lie between 0.1 eV and 0.2 eV.
The B3LYP, 42 In addition to the exchange-correlation functional, another factor that has emerged as important is the nature of the basis functions present in the basis set. For ionisation of core electrons of heavier atoms, it is increasingly important to include additional basis functions for the core orbitals. 30 A range of basis sets have been studied including 6-31G*, 6-31G* with uncontracted core basis functions (denoted u6-31G*), Ahlrichs VTZ, cc-pVDZ, cc-pVTZ and cc-pCVTZ. [49] [50] [51] [52] [53] For the calculations denoted cc-pCVTZ, the cc-pwCVTZ basis set was used for the metal atom with the cc-pVTZ basis set used for the remaining atoms. For the analysis of the results it is useful to quantify the metal p orbital character of the molecular orbitals. The metal p orbital character in an orbital i is evaluated as
whereμ runs over the p orbital basis functions of the central metal atom and cμ i are the molecular orbital coefficients. The metal p orbital character in a transition to give final state λ is defined as
where κ ic is the TDDFT amplitude for the transition from molecular orbital i to the metal core orbital for the state λ. In practice we include amplitudes with a magnitude greater than 0.1. The p character of a band in the spectrum (T p ) is determined from summing the T λ p for the electronic transitions that contribute to the band. We note that this type of analysis will become unreliable for basis sets which have extended (diffuse) p basis functions.
In these cases the summation can be limited to include only the compact basis functions in the basis set, however, we have not explored this in detail in this work and all values of P i are computed with the 6-31G* basis set.
III. RESULTS AND DISCUSSION
Initially we consider the sensitivity of the computed transition energies to the basis set and exchange-correlation functional. Table I shows Since the nuclear charge of first row transition metals is greater it follows that a higher fraction of HF exchange than 66% in a hybrid functional may be optimal. However, we do not consider in detail increasing the fraction of HF exchange because, as is shown later, increasing the component of HF exchange can have a detrimental effect on the predicted band shapes. For the SRC functional the predicted transition energy is slightly lower than experiment suggesting that increasing the HF component would worsen the agreement with experiment. This is similar to the case of XAS where exchange-correlation functionals parameterised for second row elements perform reasonably well for the K-edge of first row transition metals. 56, 57 The cc-pCVTZ basis set represents a quite extensive basis set that cannot be readily applied to large transition metal complexes. The fact that a very large basis sets is required to converge the transition energies is largely due to the basis sets not being designed for core orbital properties. With appropriately designed basis sets it should be possible to converge the energy with a much smaller number of basis functions. An example of this are the IGLO basis sets 58 which are designed for NMR calculations, these work very well for the XES of first and second row elements but do not exist for transition metal elements. Amongst the smaller basis sets studied, we note that the Ahlrichs VTZ basis set also predict transition energies that are reasonably close to experiment.
We now consider how the different approximations and various exchange-correlation functionals affect the computed band profiles. Predicting the band profile is key to simulation of XES spectra. Since computed spectra can be shifted to align with experiment it is important that exchange-correlation functionals designed to predict the transition energies correctly do not do so at the expense of the computed band profile. Figure 1 shows the valence to core region computed with various exchange-correlation functionals and the large cc-pCVTZ basis set with the spectra shifted to align with the experimental data for the [MnO 4 ] 1− complex. Also shown are the valence molecular orbitals that contribute to this region of the spectrum with their values for P i evaluated using B3LYP/6-31G* (see equation 7). The P i values do not vary significantly between different exchange-correlation functionals, for example the values for the two orbitals with the SRC functional are 0.045 and 0.032 compared to 0.049 and 0.034. The P i values suggest that there are two orbitals that have a significant (> 0.01) metal orbital character and it is indeed transitions from these two orbitals that gives the two prominent bands observed in the spectrum.
The spectrum computed with B3LYP with the FO approximation, wherein the molecular orbitals are not relaxed within the second SCF calculation, has an accurate band profile and a relative energy spacing of the bands in good agreement with experiment. This is similar to a previously published spectrum which is computed based upon the Kohn-Sham orbitals of the ground state, and reflects the general success of these approaches to simulating XES spectra. 4, 6, 8, 10, 11 Removing the FO approximation has no noticeable effect on the shape of the spectral profile but it does result in a large shift in the transition energies. Removing a core electron increases the effective nuclear charge, which leads to a lowering in the energies of the molecular orbitals. This effect is greatest for the core orbitals resulting in an overall increase in the transition energies. Optimising the molecular orbitals in the presence of the core-hole also results in a lower oscillator strengths which correlates with a reduction in the metal p orbital character in the orbitals. This effect is greatest for the t 2 orbitals contributing to the lower energy band which is consistent with the small reduction in the intensity of this band relative to the more intense band when the FO approximation is removed. Using a different exchange-correlation functional BP86 results in a change in the relative intensity of the two bands, with the relative intensity of the higher energy band increasing.
The spectrum for B 66 LYP is much closer to the experiment in terms of the absolute transition energies, but a distinct peak emerges on the high energy side of the band at 6538 eV. The closest to experiment in terms of absolute energies is the SRC functional, and for this functional the resulting spectrum is in reasonable agreement with experiment.
However, for this functional there is also a small shoulder at the base of the band at high energy. Closer inspection shows that this feature is also evident in an asymmetry in the band from the calculation with BP86. The corresponding transitions are present in the B3LYP calculation, but the band is not evident because the transitions have zero intensity.
This contradicts the analysis in terms of the metal p character of the molecular orbitals and suggests that a band of significant intensity arises from a transition from an orbital with d orbital character at the central metal atom. This can be rationalised by considering the values of T p for the spectral bands which are shown in Table II . This shows that there is a significant value of T p for the band at 6543 eV for the SRC functional which is not given with the B3LYP functional. This demonstrates that this intensity arises from a mixing of transitions from orbitals with metal p character into this transition within the TDDFT calculation. The precise balance of ligand and metal character of the molecular orbitals and the TDDFT amplitudes (κ ic ) will be dependent on the exchange-correlation functional used and can rationalise the observed sensitivity of the band profiles to the functionals. mental spectrum for this complex shows two distinct bands, the higher energy band is more intense with two peaks of similar intensity. For this complex there are five orbitals with significant metal p character that contribute to this region of the spectrum which are also shown in Figure 2 . The peak at low energy is arises from an orbital of a 1 symmetry that is localised on the metal-nitrogen atom bond. The broader higher energy band has contributions from the other four orbitals, but with dominant contributions from two of these. The accurate description of this band represents a challenge since it requires the balance between these different contributions to be described correctly. The spectrum given by B3LYP with the FO approximation correctly predicts the energy separation between the two bands but the intensity of the lower energy component of the band at higher energy is too weak. that the effects of spin-contamination in the reference wavefunction are not apparent in the resulting spectrum once that the line broadening has been applied or that the associated error is less significant than other approximations made in the calculations. However, it is clearly desirable to remove the spin-contamination from the calculations. A previous study that compared XES spectra computed using DFT with the B3LYP and BP86 functionals found there to be only small differences between the intensities of the bands, although in the B3LYP spectra the bands were spread out more with a greater separation between the high and low energy features. 8 This is also evident in the TDDFT spectra shown here, although a greater variation in the intensities is observed here. It is possible that intensities computed with TDDFT are more sensitive to the exchange-correlation functional than spectra by the different approaches are given in Table III . These show that the values given by P i and T p are in close agreement with experiment and surprisingly closer to experiment than the TDDFT oscillator strength. This may in part be associated with the use of the TDA which is likely to lead to greater errors in the computed oscillator strengths or the dipole approximation which may also play a role. 59, 60 The aim of the B 66 LYP and SRC functionals is to predict the absolute energies of the transitions. Table IV summarises the computed positions of the prominent bands in the spectra for these two functionals. We will focus on the results for the SRC functional since this functional gives an overall better description of the spectral profiles. For the two manganese based complexes, the computed transition energies are close to the experimental values and a shift of 1 eV or less is required to align the computed and experimental spectra. There is a small increase in the error in the computed transition energies for the chromium based complexes. However considering other sources of error that are present in the calculations, for example the treatment of relativistic effects and the remaining incompleteness of the basis set, a reasonable level of accuracy is achieved. As discussed previously, the computed transition energies are strongly dependent on the basis set and to approach convergence with respect to the basis set requires large basis sets with tight basis functions suitable for described the core orbitals. Figure 5 illustrates the sensitivity of the computed band profiles to the quality of the basis set. There is a clear improvement in the computed spectra when basis sets larger than 6-31G* and u6-31G* are used. However, the band profiles computed with the Ahlrichs VTZ basis set are very similar to those of the considerably larger cc-pCVTZ basis set. The Ahlrichs VTZ basis set is a moderately sized basis set that can be applied to study much larger systems.
IV. CONCLUSION
TDDFT with the TDA has been applied to the calculation of X-ray emission spectra of transition metal complexes by using a reference determinant with a core hole in the metal 1s orbital, and applied to study the XES of the [ 
